promising, these techniques are still in their infancy, as they have only been explored on limited numbers of samples from only a single or a few different locations. In this study, we investigate the suitability of iDNA extracted from more than 3,000 haematophagous terrestrial leeches as a tool for detecting a wide range of terrestrial vertebrates across five different geographical regions on three different continents. These regions cover almost the full geographical range of haematophagous terrestrial leeches, thus representing all parts of the world where this method might apply. We identify host taxa through metabarcoding coupled with highthroughput sequencing on Illumina and IonTorrent sequencing platforms to decrease economic costs and workload and thereby make the approach attractive for practitioners in conservation management. We identified hosts in four different taxonomic vertebrate classes: mammals, birds, reptiles and amphibians, belonging to at least 42 different taxonomic families. We find that vertebrate blood ingested by haematophagous terrestrial leeches throughout their distribution is a viable source of DNA with which to examine a wide range of vertebrates. Thus, this study provides encouraging support for the potential of haematophagous terrestrial leeches as a tool for detecting and monitoring terrestrial vertebrate biodiversity.
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| INTRODUCTION
Estimating abundance and distribution of vertebrate species is one of the fundamental challenges for conservation biologists and an essential input to track progress (or lack thereof) towards the Aichi Biodiversity Targets (Convention on Biological Diversity, 2010), a worldwide strategic plan for biodiversity and its protection. Even well-studied groups such as mammals require continual monitoring efforts to document temporal and spatial changes (Jones & Safi, 2011) and appropriately inform conservation efforts.
Thus, any methodological innovations in species monitoring approaches are potentially valuable for biomonitoring in a conservation framework, especially if they make data collection easier or more efficient, lower the impact on the target species and/or reduce costs.
Recently, the use of environmental DNA (eDNA) has been touted as a widely applicable noninvasive tool with which to obtain information about biodiversity (e.g., Bohmann et al., 2014) . Furthermore, if coupled to metabarcoding (i.e., high-throughput sequencing of taxonomically informative PCR amplicons), eDNA enables identification of multiple species within single bulk samples (Taberlet, Coissac, Pompanon, Brochmann, & Willerslev, 2012 ). An emerging subdiscipline within eDNA is "iDNA" (invertebrate-derived DNA), in which genetic material ingested by invertebrates is used to characterize the biodiversity of the species that served as hosts (CalvignacSpencer, Leendertz, Gilbert, & Schubert, 2013a) . Examples include vertebrate DNA extracted from blood-feeding midges (Lassen, Nielsen, & Kristensen, 2012) , ticks (Gariepy, Lindsay, Ogden, & Gregory, 2012) , terrestrial leeches (Schnell et al., 2012) , carrion-feeding blowflies (Calvignac-Spencer et al., 2013b) , blood-feeding sand flies and mosquitoes (Kocher et al., 2017) . These methods are promising as they enable collection of "blood/tissue samples" that can be difficult to obtain, such as from vertebrate species that are challenging to monitor because they are shy, nocturnal, dangerous or live in inaccessible habitats (Bohmann, Schnell, & Gilbert, 2013) . However, while promising, the use of iDNA to detect vertebrates is still in its infancy, and prior to the application of iDNA as a biodiversity-monitoring tool, there is a need to verify its potential and to define the limits (both biological and geographical) within which it may be useful (Schnell et al., 2015b) . In addition, improving labour and financial cost-effectiveness is essential if iDNA is to become a useful biodiversity-monitoring tool.
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We present here a large expansion on our initial study that reported the potential of leech-derived iDNA as a source of vertebrate DNA (Schnell et al., 2012) . More specifically, we focus on the haematophagous (blood-feeding) terrestrial leeches that belong to the family Haemadipsidae, within the suborder Hirudiniformes (Borda, Oceguera-Figueroa, & Siddall, 2008; Borda & Siddall, 2004; Phillips & Siddall, 2009 ). Members of this family occupy large parts of Asia, Australasia and Madagascar (Borda et al., 2008; Sawyer, 1986) , areas that are known for their extensive tropical or subtropical rainforests, rich biodiversity and high number of endemic and/or threatened vertebrate species (Ceballos & Ehrlich, 2006; Myers et al., 2000; Schipper et al., 2008) . Generally, leeches only feed a few times annually and possess an ability to retard the digestion rate of ingested blood (Sawyer, 1986; Schnell et al., 2012) . As a result of this, preliminary observations record high detection rates of wellpreserved vertebrate DNA in leech bloodmeals (Schnell et al., 2012) .
Our initial study (Schnell et al., 2012) reported detection of vertebrate host DNA in bloodmeals from just 25 individuals of terrestrial haematophagous leeches collected within a single forest complex in the Annamite Mountains of Vietnam. Thus, the number of leech species studied and mammals identified was equally small. This study investigates detection of iDNA from a wide range of terrestrial vertebrates, using haematophagous terrestrial leeches collected over almost their full geographical range. Specifically, this includes the two morphologically distinct groups of terrestrial leeches, the duognathous (two-jawed) and trignathous (three-jawed) leeches in South-East Asia, Madagascar and Australia.
We demonstrate the feasibility of replacing traditional molecular cloning and Sanger sequencing-based characterization with metabarcoding coupled to high-throughput sequencing. Furthermore, to increase data output and decrease the "hands-on" sample processing workload, iDNA was generated from pools of leeches as opposed to single leeches to more accurately reflect how leech iDNA assessment might be practically implemented in a conservation setting.
Increasing throughput by moving from single leech extractions and Sanger sequencing to pools of leeches sequenced on next-generation sequencing platforms requires careful methodological considerations, with decisions on how to balance detection of biodiversity with error removal, workload and costs (see Alberdi, Aizpurua, Gilbert, and Bohmann (2018) for an exploration of some key decisions in metabarcoding studies). Here, we evaluate and discuss a number of these decisions, including the use of human blocking probes to reduce amplification of human DNA, and how/if PCR replicates and their treatment affect the final result. 
| MATERIALS AND METHODS
| Sample sites
| Sample collection and storage
All leeches were collected by hand as they approached the collectors as part of their natural foraging behaviour. Leeches were immediately was PCR-amplified using mammalian-generic primers 16Smam1/16S-mam2 (Taylor, 1996) (Table 2 ). The primers were modified by 5 0 -labelling with unique nucleotide tags (with at least two differences between tags) (Binladen et al., 2007) , creating 59 differently tagged forward and reverse primers. All leech-pool DNA extracts were PCRamplified in two replicates with different combinations of tags. PCRs were carried out in 25 ll reactions using the Amplitaq Gold enzyme system (Applied Biosystems, Foster City, CA) consisting of 2.5 mM (Kortdata, Google, 2018) human blocking probe was added to each reaction to ensure minimum amplification of human DNA (Boessenkool et al., 2012; Vestheim & Jarman, 2008) (Table 2 ). PCR conditions were as follows:
95°C for 5 min of enzyme activation followed by 40 cycles of 95°C for 12 s, 59°C for 30 s and 70°C for 25 s, and one cycle for final extension of 7 min at 70°C. Post-PCR, amplicons were visualized on 2% agarose gels stained with GelRed (Biotium, Hayward, CA). PCR products with different tag combinations, from leech digest pools within the same geographical region, were pooled in approximately equimolar ratios based on gel band strength and known concentrations on a subset of leech digest pools measured with a Qubit fluorometer (dsDNA high-sensitivity kit, Invitrogen) (data not shown).
Extraction blanks were included in a subset of the pools in an amount similar to the other PCR products (Supporting Information Table S2 ). The pooled PCR products were purified using Qiaquick PCR purification kits following the manufacturer's guidelines, although a 10-min incubation time at 37°C was included prior to elution of the DNA. The purified PCR pools were size-selected (150 bp 
| Australian leeches (collected in mainland Australia and Tasmania)
Due to export restrictions, leeches collected in Australia could not be analysed in Denmark alongside the other leeches. Therefore, the laboratory protocols and sequencing technologies available slightly differed from those of the Asian and Malagasy leeches. The DNA from Australian samples was real-time PCR (qPCR) amplified using two sets of primers. These sets were the mammal generic primer set 16Smam1/16Smam2 (as described above (Taylor, 1996) ) and a vertebrate generic primer set 12SA/12SO (Poinar, 1998) (Table 2 ). Both primer sets were modified into fusion-tagged primers containing the appropriate Ion Torrent adaptors, A and P1, followed by a unique nucleotide tag and the template-specific primer at the 3 0 end. For contamination control, in each primer set individual extracts were assigned forward and reverse tags in combinations that had never been amplified in the laboratory before. The uniquely tagged qPCR amplifications on all leech pools, across both primer sets, were carried out using the Amplitaq Gold enzyme system in 25 ll volumes containing 2.5 mM MgCl 2 , 19 buffer, 0.4 lM each primer, 0.2 mM mixed dntps, 1 U Amplitaq Gold, 0.6 ll SYBR Green (SYBR â Green I Nucleic Acid Gel Stain-10,0009 concentrate in DMSO, Invitrogen) and 2 ll purified DNA. Reaction conditions varied depending on the primer set as described in Murray et al. (2013) . 
| For all leeches
To check for cross-and background contamination, at least one negative PCR control was included for every five leech-pool extracts (all geographical regions) amplified. All extraction blanks were amplified, and a subset of both extraction blanks and negative PCR controls was included in sequencing.
T A B L E 2 List of oligonucleotides used in this study, their main target organisms and amplicon length (excluding primer sequences) 
| Use of human blocking probes
Thirty-three individual leeches collected in Peninsular Malaysia were PCR-amplified both with and without human blocking probes to explore differences in amplification of human DNA. PCR set-up and conditions were the same as for the other leech pools from Peninsular Malaysia; however, two PCR replicates were made with human blocking probes and two without. Postamplification treatment was (1)
F I G U R E 2 Workflow from collection to BLAST result including collection (1), digestion (2), purification of leech pools (3), PCR-Library Build-sequencingworkflow for Ion Torrent (4a-blue) and Illumina MiSeq (4b-red), sequence sorting (5) and BLASTN (6) the same as used for the other samples that were sequenced on the Illumina platform. The proportion of sequences within OTUs assigned to humans of the total amount of sequences in assigned
OTUs was calculated, and the human proportions were compared between amplifications with and without the addition of human blocking probes. A paired t test was conducted to compare the averages of the two treatments.
| Sequence analyses
The Illumina and Ion Torrent libraries were sequenced on several sequencing runs. After sequencing, reads from each of the Illumina libraries were trimmed and merged in ADAPTERREMOVAL (version 1.5.4) (Lindgreen, 2012) , using the default settings, except for the following: mismatchrate = 0.01, minlength = 100, shift = 5, minquality = 28, minalignmentlength = 50, trimns, trimqualities and collapse. Sequences were clustered into OTUs using Sumaclust (Mercier, Boyer, Bonin, & Coissac, 2013) . To choose the most appropriate values for clustering, similarity scores of all sequences within each data set were calculated then investigated to determine whether a "barcode gap" was present (i.e., a gap between the intra-and interspecific similarity values across species (Meyer & Paulay, 2005) , with intraspecific similarity also comprising amplification-and sequencing errors). This investigation was carried out using the modified version of DAME (https://github.com/shyamsg/DAMe), and the number of identified OTUs at variable levels of maximum ratios (ÀR) between the counts of two sequences was then inspected. Based on the clustering values generated, all sequences were then clustered with the exact option (Àe), a similarity score of 0.96 and a maximum ratio of 0.90.
To reduce the number of erroneous OTUs (e.g., PCR and sequencing errors), the OTUs from each data set were run through the LULU (Frøslev et al., 2017) , a postclustering algorithm, using default settings.
The sequence with the highest copy number within each curated OTU was assessed taxonomically using BLASTN (default settings) (BLAST+) against the NCBI nonredundant nucleotide database (Nt) (January 2018).
The BLAST results were imported into METAGENOME ANALYSER (MEGAN version 5.11.3 (Huson, Auch, Qi, & Schuster, 2007) ) where they were assigned to order, family or genus depending on the similarity with sequences in the reference database using the LCAassignment algorithm (parameters included: default settings except minimum bit score = 150.0, top percentage = 2%, Min. support = 1 sequence). Reads that could not be taxonomically assigned within these parameters were manually assessed, and subsequently assigned to appropriate taxonomic levels, based on all retained matches in GenBank (unless automatic assignment was impossible (e.g., errors in GenBank)).
The number of sequences assigned to the different OTUs, and thus which OTUs were considered as true diversity, was evaluated, and to account for low-level cross-contamination between samples and to reduce the effects of tag jumps between samples within data sets (Schnell, Bohmann, & Gilbert, 2015a) , only samples that had an OTU copy number of at least 1% of what was present in the most abundant sample were kept as true diversity. For Australian samples, where the PCR replicates had been combined ( (Alberdi et al., 2018) -additive approach), a minimum copy number of 10 in at least one sample was also required before the OTU was considered as true diversity.
Although it is plausible that the leeches have fed on humans,
human DNA is also a common laboratory/handling-derived contaminant. Whether the presence of human DNA in this study originates from the bloodmeal of leeches, or is contamination, cannot be easily determined. Thus, as a conservative measure, all sequences assigned to Hominidae were not considered a true bloodmeal.
| Statistical analyses
To evaluate the similarity of the two PCR replicates for all Asian and Malagasy samples, the Renkonen similarity indices (RSI) were computed using DAME (Zepeda-Mendoza et al., 2016) , and the RSI measures from the six different data sets were compared using one-way ANOVA with a post hoc Tukey HSC test.
To better understand the underlying factors affecting the discovery of nonhuman OTUs from Malagasy and Asian samples, the number of nonhuman OTUs discovered in each leech pool was modelled in a generalized linear regression framework, using a
Poisson model and a log-link function. Bidirectional variable selection was performed using the Akaike information criteria (AIC).
The effects of number of nonhuman reads, the number of leeches within the leech pools, the total copy number, the minimum copy number from the two PCR replicates and the RSI measure were allowed to vary between the different collection sites using an interaction term.
| PCR replicates-additive or restrictive approach
The Asian and Malagasy samples were assessed to determine the relationship between bioinformatics treatment and OTU recovery.
Specifically, the biodiversity identified when using a restrictive approach (i.e., retention of only OTUs found in multiple PCR replicates) was compared with that revealed when using an additive approach (the combined OTU diversity of both replicates). Sequencing analyses were identical to the one described for Australian samples (recovery of at least 10 copies in any sample in order for an OTU to be retained), but in addition, an OTU was only perceived as being present in a sample, if its copy number was higher than 3% of what was present in the most abundant sample. Lower copy numbers were perceived as possible artefacts originating from, for example, tag jumps (See Schnell et al. (2015a) for identified levels of tag jumps in Illumina workflows) and cross-contamination between samples.
| Identification of analysed leeches
South-East Asian and Madagascan leech species were determined from a subset of leech pools using COI barcode primers (LCO1490/ HCO2198) (Folmer, Black, Hoeh, Lutz, & Vrijenhoek, 1994 ) that amplified a ca. 660-bp fragment (excl. primers). Amplification followed the same protocol as described for the mammalian-generic primer set, although with PCR conditions as described in Folmer et al. (1994) . PCR products were purified and sequenced in one direction by Macrogen Europe's commercial Sanger Sequencing service.
The Australian and Tasmanian leech species composition was determined using primer set MZArtF/MZArtR (ZBJ-ArtF1c/ZBJArtR2c) (Zeale, Butlin, Barker, Lees, & Jones, 2010) , amplifying a 157-bp COI minibarcode fragment (excl. primers). Amplification, postamplification purification, as well as sequencing preparation and Ion Torrent PGM sequencing, was conducted as described for the mammal and vertebrate amplicons, although with PCR conditions were as described in Zeale et al. (2010) .
Sanger-sequenced leech DNA sequences were quality-trimmed in GENEIOUS (version 6.1.8), and those sequenced on the Ion Torrent sequencing platform were sorted following the same procedure as for the Ion Torrent-sequenced vertebrate sequences described above, although with a similarity score of 0.97 instead of 0.96 during OTU clustering.
Cluster centres from leech OTUs were globally aligned with other available COI data for haemadipsid leeches (Borda & Siddall, 2010; Schnell et al., 2012; Tessler et al., 2016) , and a tree was constructed using a general time reversible model with an estimated gamma distribution rate parameter and an estimated proportion invariate (GTR + I + gamma) on RaxML using http://phylogeny. 3 | RESULTS
| Sequencing
After the initial sorting where sequences were assigned to samples (that included removal of singletons, only retaining sequences with a perfect match to both primer and tag sequence, and presence in both PCR replicates), an average of 4,137 sequences per leech were generated on the Illumina sequencing platform. On average, 1,026 sequences per leech were retained after the initial filtering from the Ion Torrent sequencing platform (singletons removed and perfect a match to both primer-and tag sequences) (for details, see Supporting Information Table S1 ). When combining data from all collection sites across the five regions, 443 pools (excluding 27 negative controls) of leeches were analysed during this study, with an average of 7.6 leeches per pool.
All negative controls contained no OTUs or only OTUs assigned to humans.
| Identified vertebrate biodiversity
Approximately 50% of the original OTUs were retained after postclustering curation in LULU (Supporting Information Table S2 ). These
OTUs were assigned to 388 leech pools. After discarding 84 leech pools that only had OTUs matching human sequences (Supporting Information Table S3 ), the remaining 304 leech pools containing nonhuman vertebrate OTUs were used for further analyses. Within these, a total of 193 curated OTUs were identified (after discarding OTUs assigned to humans). These could be assigned to 75 vertebrate taxa within 42 taxonomic families: 13 OTUs assigned to amphibian taxa, 16 OTUs assigned to bird taxa, 4 scaled reptile OTUs, one OTU assigned to a turtle taxa and 135 mammalian OTUs.
The remaining 24 OTUs could not be assigned to any taxa and are therefore excluded from the final results. The OTUs that could not be assigned to any taxa were primarily present in the Australian samples (21 OTUs of the 24 unassigned OTUs) (Figure 3 ; Supporting Information Table S6 ). The majority of OTUs were assigned to mammals-nevertheless, from all regions except Malaysian Borneo, at least one additional class of vertebrates were identified (see Supporting Information Figure S1A -G for charts of OTU and sample counts from each data set). Henceforth, we use "OTUs" to refer to postclustering curated, nonhuman OTUs only, unless stated otherwise.
Leeches from Madagascar contained DNA from 16 different taxonomic families including, for example, lemurs, tenrecs, hornbills and endemic frogs. From South-East Asia, the leeches contained DNA from several different taxonomic families of ruminants in addition to porcupines, sunbears, treeshrews and pangolins to name but a few.
From Australian leeches, DNA from, among others, kangaroos, wombats, bandicoots, emus and lyrebirds were identified. All identified taxonomic families are known to be present in the geographical areas where the leeches, containing their DNA, were collected.
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| Use of human blocking probes
In the PCR amplifications with and without human blocking probes, 12 of the 33 leeches that were amplified individually yielded DNA in all four PCR replicates (two with and two without human blocking probes, respectively). Only these 12 leeches were included in the comparison between the two treatments. The proportion of sequences in "human"
OTUs out of the total number of sequences assigned to OTUs was significantly higher in samples without human blocking probe (mean without blocker: 30.3%; with: 0%; t = 2.5147, df = 11, p = 0.0287). No differences in detection of vertebrate OTUs could be measured.
| Leech identifications
In the phylogenetic tree, sequences were grouped by geographical region (Figure 4) Table S3 ). (Leeches from Australia were amplified using both "mammalian specific" and general vertebrate primers; thus, observation of a higher diversity on nonmammalian classes may be expected) [Colour figure can be viewed at wileyonlinelibrary.com]
replicates AE SD for each of the six data sets from Asia and Madagascar are listed in Supporting information Table S2 .
The final model used for the number of identified OTUs within samples included the data set, and a data set specific effect for nonhuman reads, number of leeches in the pools, the total copy number of each pool and its RSI measure. All variables except total copy number significantly affected the final OTU count from the leech pools, with data set being the most important predictor.
The analysis of variance for the final model is shown in Supporting Information Table S5A , while the effect sizes and the Z-score and the p-value are shown in Supporting Information Table S5B .
For data set Laos/Vietnam DS1, the total number of reads from each leech pool, the number of nonhuman reads and the RSI measure had a significant effect on the number of OTUs, whereas for Malagasy samples, the OTU count was significantly affected by the number of leeches in the leech pools.
| PCR replicates-differences between the restrictive and additive approach
Using the restrictive treatment of the two PCR replicates, a total of 145 OTUs (141 assigned to vertebrate taxa) within 35 vertebrate families were identified across 268 leech pools from Madagascar and Asia. The families include six amphibian, six avian, 22 mammalian families and one family of turtles (testudines). When PCR replicates from the same samples were combined in the additive approach, 179 OTUs were identified across 301 samples, 168 OTUs that could be assigned to vertebrate taxa and 11 that could not. The 168 OTUs F I G U R E 4 Identified leech taxa presented as a phylogenetic tree using both Hirudo medicinalis and Macrobdella decora as outgroups. OTU cluster centres (Ion Torrent NGS reads, Australia) and sequences from analysed leech pools (Sanger-sequenced DNA, SE Asia and Madagascar) were globally aligned with other available CO1 data for haemadipsid leeches (Borda & Siddall, 2010; Schnell et al., 2012; Tessler et al., 2016) . Support values are obtained using the approximately unbiased test (Shimodaira, 2002) [Colour figure can be viewed at wileyonlinelibrary.com]
were assigned to 40 families, the 35 families identified with the restrictive treatment and an additional five families including two mammalian families, Elephantidae and Tapiridae, two avian families, Cathartidae and Anatidae, and one additional family of turtles (testudines), Cheloniidae. In addition to these five taxonomic families, five additional OTUs were identified to genera within taxonomic families already present when the restrictive PCR approach was used (Supporting Information Tables S6 and S7 ).
Elephants and tapirs are present in the areas where the leeches containing their DNA were collected (Malaysian Borneo and Peninsular Malaysia, respectively). The OTU assigned to vulture (Carthartidae) was present in two samples from Laos/Vietnam DS2 in low copy numbers (10 and 11 copies, respectively). Sea turtle (Cheloniidae) were present in a single leech pool from Peninsular Malaysia.
We believe both vulture and sea turtle DNA derive from contamination, as discussed later. The single species of duck within the family Anatidae was found in a leech pool from Laos/Vietnam in 29 copies.
The five OTUs assigned to genera within taxonomic families present with the restrictive PCR approach include the mammalian genera Panthera, Hapalemur and Callosciurus, in addition to the amphibian genus Quasipaa and the avian genus Gallus.
In two of 24 sequenced PCR negative controls from Laos/Vietnam DS1, a single OTU was present. However, this OTU could not be assigned to any organism, and only 13 reads of the OTU were present in each sample.
| DISCUSSION
The aim of this study was to investigate the potential for terrestrial blood-feeding leeches across their geographical range to function as a vertebrate monitoring tool. The presence of vertebrate species across the three continents was determined using a metabarcoding approach coupled to two different second-generation sequencing technologies. We also provide evidence that terrestrial blood-feeding leeches contain taxonomically informative iDNA from various vertebrate classes and that metabarcoding coupled to high-throughput sequencing is an efficient method to assess this. In addition, we provide both a wet-lab and a bioinformatic pipeline that can be used and adapted by practitioners; indeed, our leech iDNA protocol is already being tested in multiple conservation projects as a wildlife monitoring method in China, Borneo, Vietnam and Laos.
It should be highlighted that vertebrate biodiversity identified from leeches is presence data only, and the degree to which such data can be combined with state-of-the-art analytical tools to estimate distributions and abundances of the different identified vertebrate taxa is discussed in Schnell et al. (2015b) .
The discussion in the following paragraphs is based on the use of iDNA from leeches; however, most of the topics also relate to other studies where metabarcoding is applied on more or less degraded DNA from biologically complex samples, including many eDNA studies.
| Identified vertebrate taxa
Given that the primer set predominantly used in this study was designed to amplify mammalian DNA (Taylor, 1996) , it is unsurprising that the majority of OTUs detected in the leech bloodmeals were assigned to mammals ( It is beyond the scope of this study to delve into each OTU's taxonomic assignment and its regional significance; however, when comparing the presence of vertebrate families, and the number of samples in which these were present, the similarity between data sets was generally higher for geographically close collection sites 
| The use of blocking primers
The use of human blocking primers significantly reduced amplification of human DNA. In addition to their main purpose of decreasing competition between human and nonhuman DNA during PCR, blocking primers might also have reduced the costs of the analyses by reducing the number of leech pools that were identified as "DNApositive" before library preparation, because PCRs only consisting of human DNA could be excluded prior to sequencing. However, the DNA-negative pools could also have been false negatives caused by coblocking of target DNA sequences as has previously been reported (e.g., in arthropods (Piñol, Mir, Gomez-Polo, & Agust ı, 2014)). As such, there is a need for follow-up studies to test which taxa are more likely to be lost by coblocking. The sample size in this study was too small to detect whether the use of human blocking probes influenced the detected diversity.
| Identified leech taxa
Both the duognathous (two-jawed) and trignathous (three-jawed) leeches belong to the family Haemadipsidae, but they differ in geographical distribution (Figure 1 ) and morphology. The inter-and intraspecific relationships of these two clades are debated (Borda & Siddall, 2010; Borda et al., 2008; Sawyer, 1986; Tessler et al., 2016) . The leech genera identified in Asia were trignathous (threejawed) and those identified from Madagascar and Australia were duognathous (two-jawed) leeches; this is in agreement with the currently known distribution of two-and three-jawed terrestrial leeches (Borda & Siddall, 2010) . Since vertebrate taxa presence was detected from all identified two-and three-jawed terrestrial leech taxa, we argue that both two-and three-jawed terrestrial haematophagous leeches can be used in terrestrial vertebrate surveys.
Although the higher number of samples with OTUs identified from the Malagasy vs. Asian leech pools could indicate that the duognathous leeches feed on a wider range of animals or are better at preserving the ingested DNA, we did not see this relationship when comparing Asian leeches with those from Australia (which are also duognathous). Thus, we do not believe we have evidence that leech taxa are a primary driver of the observed differences. However, using the current study design, any potential bias among leech species leading to differences in vertebrate detection rate could not be determined.
| PCR replicates-the restrictive or additive strategy
In this study, independently tagged PCR replicates were carried out on pools of leeches collected in Asia and Madagascar, to assure reproducibility and authenticity of vertebrate detections, which enabled restrictive analysis approaches to be used to reduce the error among the OTUs.
In the samples from Asia and Madagascar, five additional vertebrate families were identified using the additive PCR approach (as opposed to restrictive). These included vulture and sea turtle, and their presence is without doubt a result of background contamination, likely deriving from studies previously undertaken in the Copenhagen facility (Duchene et al., 2012; Roggenbuck et al., 2014 where the leeches have been collected. In contrast, the presence of DNA from lions in Malagasy leeches is indeed questionable. In this study, discarding the OTU assigned to lion would not affect the final conclusions, but in other studies, false positives could be conclusive especially if they cannot be easily detected.
The additive approach also yielded an increased number of OTUs that could not be assigned to any vertebrate species (data not shown). Most of these OTUs were not present in any leech pool with 10 copies or more and therefore excluded from further analyses. However, we highlight that the decision to discard OTUs below a certain copy number threshold should be carefully considered because authentic biodiversity might be lost even when discarding only singletons (Alberdi et al., 2018) . How to balance error removal with detection is study dependent, but one approach could be combining the two PCR replicate treatments (e.g., by having at least three PCR replicates, and only keeping sequences present in at least two replicates for further analyses) to assure both authenticity of the results and to maximize the revealed diversity, although this would not occur without increased cost and workload (see, e.g., Ficetola, Pansu, and Bonin (2015) and Alberdi et al. (2018) for tests and discussions about PCR replicates).
| Limits to taxonomic assignments
A major challenge in using leech iDNA to assess vertebrate diversity is incompleteness of DNA reference databases. In the present study, this resulted in error-prone or impossible assignment of OTUs to lower taxonomic levels. For instance, in leeches from Madagascar only half of the OTUs could be assigned to taxonomic order level. The number of described vertebrate species is most likely underestimated compared to true diversity, and reference DNA sequences exist only for a fraction of these (Francis et al., 2010) . Thus, until DNA reference databases are developed further, information on vertebrate biodiversity present in leeches is not fully exploited. Geographically targeted sampling, continued growth in sequence databases and improvements in bioinformatic methods (Somervuo et al., 2016) will all improve the quality of taxonomic assignment in future studies.
| Quality vs. high throughput-a trade-off?
Metabarcoding analyses of DNA from pools of leeches using second-generation sequencing platforms (as in this study) can increase the amount of PCR-inherent bias, contamination and other technical errors in comparison with the approach taken by Schnell et al.
(2012) (single leech extractions, PCR, cloning of amplicons then Sanger sequencing). Use of generic primers on biologically complex samples might introduce PCR-inherent biases, with preferential amplification of certain templates, while others remain undetected or poorly amplified (e.g., Polz & Cavanaugh, 1998; Suzuki & Giovannoni, 1996) . In this study, biases could be caused by differences in PCR selection (as defined by Wagner, Blackstone, Cartwright, Dick, and Misof (1994) ). Such PCR selection biases include differences in primer binding sites (Suzuki & Giovannoni, 1996) and possibly variable levels of DNA quantity and quality (i.e., fragmentation) among leeches within a pooled sample. In addition, PCR stochasticity caused by random events in the early cycles (Wagner et al., 1994 ) might also have a negative impact on the identified vertebrate diversity in leech pools. Use of two or more complementary metabarcoding assays may overcome some of the PCR selection biases if they complement each other, whereas multiple PCR replicates on each sample may reduce the effect of PCR stochasticity (Wagner et al., 1994) .
In this dataset, no OTUs were found in 35% of the leech pools, and although there was a significant difference between some of the study sites, the average number of leeches required within a leech pool for providing one extra OTU was five. Thus, based on this value, the number of leeches with detectable vertebrate DNA when using the presented method and data analyses was approximately 20%, a considerably lower percentage than the findings of more than 80% in Schnell et al. (2012) .
In Schnell et al. (2015b) , the components influencing the detection probability (p) of vertebrate DNA from a leech are proposed as (Frøslev et al., 2017) , taxonomic assignment and copy number cut-offs are likely to affect the biodiversity revealed. In addition, the dissimilarity between PCR replicates (RSI measures) and the following restrictive data analyses likely decreased the number of pools with OTUs, a hypothesis supported by the increased number of samples yielding OTUs when data were analysed using the additive PCR approach instead. Thus, the importance of having at least two successful amplifications from each sample should be emphasized if restrictive PCR approaches are used, alongside an acknowledgement of the many other decisions made during a metabarcoding workflow, and how they are likely to influence the final outcome (Alberdi et al., 2018) .
With high-throughput sequencing platforms, the consequence of contaminants present in even very low frequency may be particularly problematic, because the sequencing depth is much higher than with Sanger sequencing (Porter et al., 2013) . In addition, iDNA contains biologically complex substrates of various degradation and fragmentation levels, and this makes it challenging to distinguish true biodiversity present in low template number from amplicons created by PCR and sequencing errors, and contaminant sequences. Thus, methods to limit and detect contamination not only between samples within a project, but also cross-contamination between different projects should be prioritized as discussed in Murray, Coghlan, and Bunce (2015) and Schnell et al. (2015a) .
In this study, we only retained sequences that were present in multiple PCR replicates (for Asian and Malagasy leeches), and during OTU clustering, we used a low similarity score (0.96) in comparison with other studies using the same primer sets (e.g., Harris, Jiake, Yinqiu, Kai, & Chunyan, 2014; Murray et al., 2013) . Despite these efforts, it was evident that PCR and sequencing errors inflated the number of OTUs, and as a consequence, the LULU postclustering algorithm was used to curate the clustering output. Alternative OTU clustering algorithms were not investigated, but this could of interest in future iDNA studies, especially because the number of OTUs assigned to, for example, humans within each data set was still artificially inflated even after postclustering curation with LULU. In addition, ways to simplify and/or optimize bioinformatics pipelines specifically for iDNA are of high priority, and the confidence that leech iDNA contains considerable ecological information on vertebrate diversity may help to justify these efforts.
| Primer choice for iDNA studies
The PCR primer set predominantly used in this study (16Smam1/ mam2 (Taylor, 1996) ) is designed to amplify mammalian DNA; however, in silico PCR analyses have estimated low taxonomic coverage for other vertebrate classes (Ficetola et al., 2010) . Only the Australian leech samples were amplified with the vertebrate generic 12S primers in addition to the 16S mammal primers. Here, the 12SA/ 12SO primer set revealed the presence of an emu (Dromaius novaehollandiae) that was not detected with the 16S mammal primers (Supporting Information Table S3 ). Within a few of the mammalian families, the number of detected OTUs from the two primer sets was also slightly different. Hence, even though nonmammalian vertebrates were identified using primer set 16Smam1/mam2, we hypothesize that use of additional primer sets targeting other vertebrate classes (e.g., bird or amphibian) could have disclosed a greater nonmammalian diversity.
Even though blood-feeding leeches are known for their long intermeal intervals and slow digestion rate, the exact rate with which ingested DNA gets fragmented during digestion remains unknown.
To accommodate this unknown fragmentation level, we assume an inverse relationship between amplification efficiency and length of amplification target similar to what is observed in studies with ancient/degraded DNA (Deagle, Evesom, & Jarman, 2006; Handt, H€ oss, Krings, & P€ a€ abo, 1994) . Here, we only targeted short vertebrate mtDNA markers (approximately 100 bp excl. primer sequences, Table 2 ). The 16S marker used has a low-resolution capacity for identification at species level, but a high level of resolution for genus and family identification (Ficetola et al., 2010) . Meanwhile, the 12S marker has in previous studies been used to identify both birds and mammals to species and genus levels (e.g., D'Costa et al., 2011; Kuch et al., 2002; Poinar, 1998; Porter et al., 2013) .
In future studies, other vertebrate generic primer sets amplifying short mitochondrial DNA markers (e.g., Riaz et al., 2011) could be used with the aim of improving taxonomic resolution and coverage.
It is worth noting that reference database coverage should be taken into account when selecting markers to optimize the taxonomic assignments. Furthermore, multiple primer sets targeting different fragment lengths and/or groups of animals could be applied to optimize both amplification success and taxonomic assignment and thereby ensure that results based on leech iDNA are not limited by the PCR assays. Lastly, approaches where PCR is minimized or redundant, for example, shotgun sequencing or third-generation sequences techniques, have shown promise for overcoming some of the PCR-induced challenges that are associated with metabarcoding of biologically complex samples (Zhou et al., 2013) .
| CONCLUSION S
A principal goal of many new wildlife-survey methods is to increase cost-effectiveness and/or accuracy, because money spent on monitoring is money not available for conservation actions (Lindenmayer et al., 2011; Possingham, Wintle, Fuller, & Joseph, 2012) . Despite our relatively conservative approach of principally restricting our PCRs to one genetic target region, leech iDNA captured nearly the full range of vertebrate diversity, both taxonomically (mammals, birds, amphibians and reptiles) and functionally (arboreal and terrestrial, small and large, predators and prey). Based on our results, we argue that iDNA holds great potential to complement camera trapping and visual surveys, depending on management needs. This method allows vertebrate surveys to be successful without expert knowledge in taxonomy, and leeches iDNA can be collected during single expeditions contrary to other survey techniques (e.g., camera trapping) where multiple visits are required.
We expect a continuing decrease in sequencing costs to allow for commensurate increase in leech screening ability, which make iDNA surveys even more applicable in the future.
In this study, the primers predominantly used were not optimized to assign vertebrate taxa to species level. Future studies should choose primers tailored to specific management needs to fully exploit the taxonomic information available from iDNA. In addition, as DNA reference databases are expanded, assignment of sequences to lower taxonomic levels will be further facilitated.
Future monitoring studies relying on iDNA from terrestrial haematophagous leeches, and other iDNA sources, need to thoroughly consider a range of pros and cons. Of particular importance is choosing the right laboratory and analytical methods in a given case as to optimize assignment of more OTUs to species rank and for obtaining abundance and distribution information rather than simply presence data. Indeed, abundance and distribution information at the species level is important when monitoring vertebrate population trends and thus whether the
